The Hydrogen Decrepitation and the Hydrogen Disproportionation Desorption Recombination processes for the preparation and the recycling of the two industrially produced phases of SmCo alloys, SmCo 5 and Sm 2 Co 17 , are reviewed. The effects of the chemical composition, the microstructure, the exposure time, the hydrogen pressure, and the temperature on the hydrogen absorption are discussed. The magnetic properties for the SmCo powder after hydrogen absorption are discussed in both the powder form and after preparing sintered or plastic-bonded magnets.
Introduction
The European commission discussed the criticality and the supply risk for the rare-earth and Co elements in three reports in 2010, 2014, and 2017 [1] [2] [3] . Recycling and enhancing the properties of rare-earth and Co-containing compounds were set to be essential solutions to overcome the supply risk and to help maintain sustainable sources for the elements. Rare-earth permanent magnets alone consume about 20% of the worldwide produced rare-earth elements [4] . In the light of the previous literature, the applications of Hydrogen Decrepitation (HD) and Hydrogen Disproportionation Desorption Recombination (HDDR) processes for the production and recycling of the second-most widely produced rare-earth permanent magnets, SmCo magnets, will be reviewed.
Rare-earth permanent magnets are known for their superior magnetic properties. They represent technical and economical importance as they are used in a wide range of vital applications such as in electronics, space equipment, and electric vehicles. Samarium cobalt (SmCo) magnets are the second-most widely used rare-earth permanent magnets in the industrial applications, after neodymiumiron-boron (NdFeB) magnets [5] .
The magnetocrystalline anisotropy (K 1 ) in SmCo compounds was first discovered by Strnat and his colleagues in 1966 [6] . Nowadays, SmCo magnets are industrially produced having compositions close to SmCo 5 or Sm 2 Co 17 . SmCo 5 compounds have hexagonal symmetry with CaCu 5 crystal structure and Pb/mnm space group. In industry, they are usually produced in the form of fully dense sintered magnets. SmCo 5 magnets exhibit very high K 1 of 15-19 MJ/m 3 and high anisotropy field (H A ) of 31,840 kA/m, where, industrially, the magnets have an intrinsic coercivity ( i H c ) of 1592-2388 kA/m. The theoretical value of the maximum energy product ((BH) max ) of SmCo 5 is 244.9 kJ/ m 3 , but industrially they usually attain (BH) max of 130-160 kJ/m 3 . SmCo 5 also shows high Curie temperature (T c ) value of 750°C, low reversible temperature coefficient of remanence (a) equal to -0.05%/°C, and reversible temperature coefficient of coercivity (b) of -0.5%/°C, which allow them to be used in high-temperature applications. They show a remanence (B r ) value of 0.8-0.96 T. Sm 2 Co 17 can exist in one of two different symmetries, i.e., hexagonal and rhombohedral with space groups of P63/mmc and R 3m; respectively. They show low K 1 of 4.2 MJ/m 3 but relatively high i H c of 450-1300 kA/m. The B r value of Sm 2 Co 17 is in the range from 0.9 T to 1.15 T. This phase shows the highest known T c of 850°C and the lowest a (-0.03%/°C) and b (-0. 3%/°C) among other rare-earth magnets. Different additives of Fe, Cu, and Zr are usually
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added to Sm 2 Co 17 magnets for further improvement of T c , temperature coefficients, and other magnetic properties. Similar to SmCo 5 magnets, Sm 2 Co 17 are usually produced in the form of sintered magnets [7] [8] [9] [10] .
The microstructures of the sintered SmCo 5 magnets consist of the matrix SmCo 5 phase, and other ferromagnetic phases (SmCo) as Sm 2 Co 7 and Sm 5 Co 19 , oxides (SmO), a recently reported carbide (SmCoC), and pores [11] . Industrially produced sintered Sm 2 Co 17 magnets usually consist of a cellular structure of 2:17 rhombohedral phase as the cell interiors, which mainly consists of Sm 2 (Co, Fe) 17 , and 1:5 hexagonal phase at the cell boundaries, composed of Sm(Co, Cu) 5 . A third phase of thin planar plates, which is rich in Zr (Z or lamellar phase), is perpendicular to the c axis, and it is composed of Zr(Co, Fe) 3 [12] .
HD is a size-reduction technique, where the material under investigation breaks into smaller particle sizes due to hydrogen absorption. The mechanism of the hydrogen absorption can be explained as follows; first, hydrogen gas is physically adsorbed on the material's surface. After the application of the required activation energy, the adsorbed hydrogen molecule is broken into hydrogen atoms (chemical adsorption). This is followed by the diffusion of the atoms into the interstitial sites of the material and the formation of the hydrides with the material's phase(s). There are many factors to be considered when performing HD, such as the chemical composition and the microstructure of the material, the hydrogen pressure, the temperature, the pressure cycling, and the presence of an external effect as rotation, vibration, or magnetic field. Different phases in the material have different affinities to hydrogen absorption, and depending on the distribution and the concentration of the phases with higher affinity for hydrogen absorption in the microstructure of the material, the fracture process due to HD can be intergranular, transgranular, and/or due to ductile failure [13] .
HD is a well-defined technique for the preparation of NdFeB magnets [14, 15] . The as-cast alloy is reacted with hydrogen under atmospheric pressure to form smaller friable particle size powder which is then jet milled to produce powder suitable for magnets' production. It was calculated that when using HD on the as-cast alloys before the milling step, there is achieved a 25% cost reduction in comparison with milling without performing HD on the ascast alloys [16] . Recently, Walton et al. [17] reported the possibility to use the HD process for the recycling of NdFeB magnets from end-of-life products, where more than 90% of the magnetic properties of the original magnet have been recovered after recycling.
HDDR is a multistep process, where, first hydrogen gas is usually used under relatively high temperatures and/or pressures higher than 1 bar to dissociate the phase(s) of the material of interest to its elemental form or their hydrides. Hydrogen gas is then desorbed from the material by heating it, usually under vacuum. This desorption reaction is usually accompanied by the recombination of the previously dissociated components to form the initial phases or phases of similar stoichiometric ratios. The HDDR profile can be varied from one material to another depending on the phases, the chemical composition, the microstructure, the particle size, the preparation method, and the final required morphology and the magnetic properties. HDDR is industrially used for the refinement of the microstructure of NdFeB to produce highly textured anisotropic or isotropic powders [18, 19] . Those powders are attractive for the use in many applications, as for the production of highcoercivity sintered and bonded magnets [20, 21] .
In comparison with NdFeB alloys, SmCo alloys have shown to have much higher thermal stability, and more severe conditions of pressures and temperatures are required for the decrepitation or the dissociation of the SmCo 5 and Sm 2 Co 17 phases [22] . As a result, hydrogen gas is not industrially used either for the preparation or for the recycling of SmCo compounds. In this paper, the reactions of SmCo 5 and Sm 2 Co 17 compounds with hydrogen gas will be reviewed. The effects of different conditions such as the particle size, the chemical composition, the microstructure, the pressure, the exposure time, the temperature, and the heat treatment on enhancing the hydrogen absorption for SmCo compounds will be discussed in detail. Combining this information, the aim is to encourage further experiments which might lead to the industrial application for the hydrogen treatment of SmCo compounds.
SmCo 5

HD of SmCo 5
Shortly after Strnat and his colleagues discovered the magnetocrystalline anisotropy in SmCo compounds, Zijlstra et al. [23] studied the reaction of hydrogen gas with SmCo 5 . They showed that SmCo 5 absorbs about 2.5 mol of hydrogen at a pressure of 20 atm at room temperature in an exothermic reaction. They mentioned that upon hydrogen absorption, the SmCo 5 hexagonal structure is converted to orthorhombic structure. This causes the disintegration of the starting material (decrepitation). The original hexagonal structure was shown to be recovered by desorbing the absorbed hydrogen, simply by relieving the hydrogen pressure (note: time is an important factor for the hydrogen relieving-24 h is recommended to insure complete desorption). One year later, van Vucht et al. [24] and Kuijpers and van Mal [25] showed that the final hydrogen concentration depends on the pressure applied and the reaction time, where saturation of the SmCo 5 with hydrogen to form SmCo 5 H 3 was possible by reacting crushed 50 lm particle sizes of SmCo 5 alloy with hydrogen gas of 100 bar for 2 days. Li et al. [26] compared between the phase transformation for the hydrogenation and nitridation of SmCo 5 alloys. In contrast to hydrogenation, upon nitridation, the SmCo 5 alloy was converted to an amorphous structure.
The Effects of Temperature and Chemical Composition on the HD of SmCo 5 It was shown [26] that, increasing the temperature generally has a negative effect on the hydrogen absorption and the decrepitation reaction for the SmCo 5 alloys, where, for example, a pressure of 45 bar led to the absorption of very low fraction of hydrogen of less than 0.5 mol at 100°C, in comparison to that at room temperature. Kuijpers and van Mal [25] studied the absorption-desorption isotherm of the SmCo 5 -H systems (after activation under 50-60 atm of hydrogen) at different temperatures up to 80°C. Increasing the applied temperature results in increasing the pressure required for the hydrogen absorption. Plateaux were observed in the isotherms which confirm the existence of a two-phase region upon hydrogen absorption. Those two phases were identified to be of hexagonal solid-solution alpha phase, and a crystalline hydride orthorhombic beta phase with higher hydrogen content. This behavior is in contrast to the hydrides of Sm 2 Fe 17 -H x , Nd 2 Fe 14 B-H x , and Sm 2 Co 17 -H x (0 B x B 5), which are only solid-solution interstitial hydrides with no defined plateau pressure [25] . It is also shown that the difference in the pressures between absorption and desorption plateaux increases at higher temperature.
Raichlen and Doremus [27] studied the effects of the concentrations of Sm and Co on the hydrogen absorption. They used different compositions of SmCo 5 alloys having a Sm content in the range of 15.1-18 at.% (31.1-35.9 wt%). The alloys were crushed and activated under 100 atm of hydrogen for 2 days. They showed that the alloys with a Sm content of B 15.1 at.% (31.1 wt%) do not form hydrides under the mentioned pressures and the Sm content has to be higher than 31.1 wt% for the material to absorb hydrogen. This phenomenon was explained as being due to the presence of traces of the non-hydriding Sm 2 Co 17 in the alloys with low Sm content, which causes mechanical strains which prevent the volumetric expansion of the SmCo 5 phase. It was calculated that the SmCo 5 phase formed a hydride of composition of SmCo 5 H 2.6 for all the alloys with Sm content of [ 31.1 wt%.
Harris [13] observed the same effect of Sm increasing the enhancement of the hydrogen absorption and decrepitation. He used two alloys of compositions of SmCo 5 and SmCo 4.8 . The microstructure of SmCo 4.8 has fine microstructure with intergranular Sm 2 Co 7 , whereas SmCo 5 was found to have coarser microstructure. SmCo 4.8 showed to have greater affinity for the decrepitation and produces a smaller particle size after decrepitation in comparison with SmCo 5 under the same hydrogen pressure. It was found that the Sm 2 Co 7 phase tends to form hydride at lower pressures than the one required for the SmCo 5 phase. The same author therefore explained that, for the SmCo 4.8 , the hydrogen absorption starts with intergranular absorption of the Sm 2 Co 7 which is in addition to forming partial expansion in the material microstructure due to the hydrogen absorption itself, facilitates the hydrogen absorption of the SmCo 5 , and plays the role of reducing the hydrogen pressure required for the decrepitation. Therefore, he proposed the process for SmCo 5 compounds' decrepitation to be intragranular followed by transgranular cracking.
Apostolov et al. [28] studied the hydrogen reaction of the Sm 2 Co 7 compounds. They showed that Sm 2 Co 7 absorbs hydrogen easily under a pressure of 1 bar, 70°C. They mentioned that, although the hydrogen absorption causes lattice expansions, there are no structural changes upon hydrogen absorption. Cao et al. [29] studied the lattice expansions of Sm 2 Co 7 alloys upon hydrogen absorption. They calculated the pressure-composition isotherm for the Sm 2 Co 7 -H between 75°C and 180°C. Besides the alpha solid-solution phase, two distinguishable beta and gamma phases of compositions: Sm 2 Co 7 H (0.33-0.43 wt% H 2 ) with lattice expansion in the c direction; and Sm 2 Co 7 H (0.51-0.67 wt% H 2 ) with lattice expansion in the a direction, respectively, were formed. Christodoulou et al. [30] studied the reaction of Sm metal with hydrogen. They showed that bulk and powder Sm metal react exothermally with hydrogen under 1.47 bar and 300-525°C, and the high temperature was required for the gas to penetrate into the oxide layer on the surface of the metal. Upon cooling to room temperature, the rhombohedral Sm metal after hydrogen absorption is converted to a face-centered cubic SmH 2?x (0 B x B 0.63) symmetry, where the hydrogen occupies the octahedral and the tetrahedral sites in the Sm element. These studies confirm Harris' [13] hypothesis that Sm and Sm-rich phases absorb hydrogen gas at lower pressure than the SmCo 5 and their presence in the alloy's microstructure will reduce the hydrogen pressure required to initiate the absorption reaction.
HDDR of SmCo 5
The HDDR process mechanism of SmCo 5 compounds can be explained as follows:. First, the disproportionation reaction due to hydrogen absorption can be represented as 2SmCo 5 Gutfleisch et al. [22] mentioned that due to the high thermal stability of the SmCo 5 phase, the disproportionation reaction requires extreme conditions of very high pressures/temperatures or milling in the presence of hydrogen. They used vibration milling in the presence of hydrogen pressure of 5 bar at 350°C for 20 h as a means for the disproportionation of SmCo 5 with Sm excess, so some Sm 2 Co 7 were also present in the alloy. After the dissociation, the XRD patterns for the milled powder showed the formation of nanocrystalline SmH 2?x and cubic a-Co. Hydrogen gas was desorbed from the sample by heating under vacuum at the rate of 10°C/min. The x hydrogen from the SmH 2?x was desorbed by heating under vacuum at a temperature of 100-400°C and this is followed by the decomposition of the SmH 2 between 450 and 625°C which is equivalent to the recombination of the SmCo 5 due to the reaction of Sm after decomposition and a-Co. They showed that decreasing the recombination temperatures results in decreasing the average grain size for the recombined sample (15 nm at 600°C) and decreasing the amount of Sm evaporation. After recombination below 750°C, beside the SmCo 5 phase, some additional phases of Sm 2 Co 7 were also observed, whereas, higher recombination temperatures led to the formation of Sm 2 Co 17 traces in the recombined sample.
Kubis et al. [31] used the high-pressure/temperature technique for decreasing the free enthalpy of the Sm-hydride to perform the disproportionation reaction for a particle size of less than 100 lm. A high-pressure differential scanning calorimeter (DSC) has been employed in order to measure the absorption and desorption of hydrogen under a pressure of 1-4 MPa and temperature up to 600°C. The samples showed an exothermic peak around 100°C which is related to the interstitial absorption of hydrogen to form SmCo 5 -H, prior to the disproportionation. Figure 1 shows the DSC curves for the hydrogen absorption of SmCo 5 under the used pressures. The disproportionation temperatures required were shown to be above 500°C to form Smhydride and a-Co under the applied pressures. An endothermic peak due to the desorption of some hydrogen from the SmCo 5 -H was also observed between 280 to 380°C. It is also shown that increasing the pressure applied results in decreasing the temperature required to initiate the absorption and disproportionation reactions for the alloy with widening the peaks. They described this as being due to the decrease in the enthalpy of Sm-hydride with the increasing pressure. They also used mechanical milling as another way to activate the disproportionation of SmCo 5 . The disproportionation conditions were similar to the ones used previously by Gutfleisch et al. [22] . Figure 2 shows the XRD patterns obtained for the reactively milled powder and the powder disproportionated under 2 MPa using DSC. In both patterns, the starting material is converted to a-Co and SmH 2?x . The broadening in the patterns related to the reactive milling experiment in comparison with the DSC run is due to the finer grain size of the disproportionation products for the former.
Handstein et al. [32] also used the high-pressure/temperature route with similar chemical compositions under similar conditions to the ones used by Kubis et al. [31] . The former authors also showed two exothermic peaks related to the interstitial absorption of hydrogen and the disproportionation of the alloy to form SmH 2?x and a-Co or Corich phases, where x has been measured to be in the range: 1.9 \ x \ 2.8.
Kwon et al. [33] used a higher temperature of 800°C for the disproportionation at 9.8 bar. The XRD patterns showed that there were still some SmCo 5 phase peaks remaining beside those of the Sm-hydride and a-Co. It was concluded that higher hydrogen pressures are therefore required for the complete dissociation of the SmCo 5 phase. They showed that, after recombination at 800°C under vacuum, the incompletely disproportionated powder was Bulyk et al. [34] [35] [36] [37] [38] [39] studied the HDDR process of SmCo 5 alloys using different conditions of combination of high temperatures and pressures or ball milling in hydrogen gas. They showed that using ball milling in the presence of hydrogen gas up to 9 bar up to 24 h results in Sm-hydride and a-Co with grain size of 35-100 nm. After recombination, the nanosized SmCo 5 has been detected with the presence of different SmCo compositions of Sm 2 Co 7 , Sm 2 Co 17 , Sm 5-Co 19 , and/or SmCo 3 depending on the applied conditions of temperature, heating rate, and holding time. They also mentioned that the Sm-rich phases in the SmCo 5 alloy react with hydrogen gas at lower pressures and disproportionate before the main SmCo 5 phase occurs. With no milling involved, they tried to use a temperature of 950°C at a relatively low hydrogen pressure of 5 bar for the disproportionation. As a result of the previous conditions, in contrast to the Sm 2 Co 7 , complete dissociation of the SmCo 5 phase could not be achieved, and they arrived at the same previously mentioned conclusion that higher hydrogen pressures are a must for complete disproportionation to occur.
Zhang et al. [40] claimed to have employed high-energy ball milling of SmCo 5 in the presence of heptane used as a source for hydrogen for the disproportionation. Milling for 600 min. in the presence of heptane was sufficient to completely convert the arc-melted SmCo 5 alloy to Smhydride and a-Co.
The Magnetic Properties for the Hydrogen Treated SmCo 5
The magnetic properties of the HDDR samples prepared by Kubis et al. [31] using the high-pressure/temperature (DSC) and reactive milling techniques were studied. The recombination was done at a temperature range of 600-1000°C, under vacuum for 30 min. Figure 3 shows the magnetic properties for the reactively milled and recombined SmCo 5 at different recombination temperatures. The sample recombined at 700°C showed l 0i H c of 2.1 T and J r of 0.52 T. They hypothesized that the magnetically single-phase behavior for this sample is due to the exchange interaction between the nanocrystalline grains (25 nm at 700°C). The maximum l 0i H c of 3.7 T for the recombined milled powder was obtained from the sample heated at 900°C. The calculated grain size was 100 nm. At such large grain size, the effective exchange coupling will reduce as a result of which the demagnetization curve for the sample recombined at 900°C showed multiphase behavior. Those authors proposed that adding Sm element to the samples recombined at temperatures higher than 800°C will decrease the amount of the Sm 2 Co 17 traces and therefore enhance the obtained coercivity. For the samples from the DSC, the sample recombined at 800°C showed the highest l 0i H c value of 2.1 T.
The HDDR sample from Kwon et al. [33] using the above-mentioned conditions showed low i H c of 0.5 T. They attributed this to the incomplete dissociation of the SmCo 5 phase and the formation of multiphase sample after recombination, and therefore, suggested that higher pressure is required for the improvement in coercivity as previously mentioned.
Plastic-Bonded (PB) Magnets from the Decrepitated and HDDR SmCo 5 Powder
Harris [13] compared between the magnetic properties of PB magnets made out of milled powder and HD powder produced under a pressure of 50-700 bar. The HD powder was passed through a rotating vane before mixing with the bonding material. The magnetic properties for the PB magnets prepared from the HD powder were generally inferior to the ones made out of the milled powder; they hypothesized that this is mainly due to the higher reactivity of the HD powder and thus the higher affinity for oxidation. He showed the effect of increasing the applied hydrogen pressure on the B r and i H c of the PB magnets. It was shown that the i H c increases with the increasing pressure of hydrogen, where i H c value of 970 kA/m was obtained at 700 bar, whereas the B r first decreases at a pressure range of around 50-150 bar and then increases with no further improvement beyond 330 bar (about 0.48 T). He also showed that superior magnetic properties were obtained from PB magnets made from decrepitated SmCo 4.8 in comparison with SmCo 5 , as the particle size from the first alloy is smaller with more uniform distribution.
Handstein et al. [32] prepared PB magnets from HDDR powders prepared via the high-pressure/temperature route. The PB magnet from the sample recombined at 900°C results in l 0i H c of 1.2 T, while decreasing the recombination temperature to 800°C had the effect of enhancing the l 0i H c to a value of 2.1 T due to the lower Sm evaporation and the higher fraction of SmCo 5 . Fig. 3 The magnetic properties for the reactively milled and recombined SmCo 5 at different recombination temperatures. Reprinted from Gutfleisch et al. [22] with the permission of AIP Publishing
Sintered Magnets from the HD SmCo 5 Powder
Harris et al. 2011 [41] filed a patent for the recycling of sintered magnets, among different magnets, they reported the decrepitation of sintered SmCo 5 under low hydrogen pressure. However, they did not report the use of the decrepitated powder for the production of new magnets.
Eldosouky and Š kulj [42] succeeded in the recycling process for the sintered SmCo 5 magnets with composition of 36.30 wt% Sm, 63.22 wt% Co, and 0.37 wt% O, and under hydrogen pressures in a range of 1-9.5 bar at room temperature for 3 h, and using a rotating equipment to facilitate the decrepitation process for the magnets. The magnets after recycling showed a refinement in the microstructure due to the presence of large distribution of particles sizes' and the presence of particles with sizes lower than 1 lm in the decrepitated powder, Fig. 4 . An enhancement in the magnetic properties was also observed; the measured B r and BH (max) values of the recycled magnets were 0.94 T and 171.1 kJ/m 3 , respectively, in comparison with 0.91 T and 156.8 kJ/m 3 , respectively, for the original magnet before recycling. Eldosouky et al. [43] used the spark plasma sintering technique for the consolidation of the decrepitated powder to produce isotropic magnets, and the same trend of magnetic enhancement was observed in comparison with fresh SmCo 5 prepared via a conventional sintering route.
Sm 2 Co 17
HD of Sm 2 Co 17
Evans et al. [44] used 0.2 g of crushed Sm 2 Co 17 binary alloy (without Fe, Cu, and Zr addition) to study the hydrogen absorption-desorption isotherm at 200°C, 12 atm. Only the alpha phase has been formed under the latter conditions with lattice parameters' expansion, where it was concluded that, higher pressures of hydrogen are required for the formation of the beta hydrides. Similar to the SmCo 5 alloys, they observed that there is no significant difference between the hydrogen absorption and desorption isotherms. They mentioned that the Sm 2 Co 17 alloys have lower affinity for hydrogen absorption in comparison with SmCo 5 , where they showed that it was not possible to perform decrepitation for such alloys at room temperature even under higher pressures and at least a temperature of 120°C was required to observe hydrogen absorption and the weight change.
The magnetic properties of the SmCo magnets have been shown to increase with the addition of Fe, Cu, and Zr [45, 46] . Harris [13] and Kianvash and Harris [47] 7.37 to study the hydrogen absorption behavior. Similar to the Sm 2 Co 17 without the Co, Fe, and Zr addition, they mentioned that hydrogen absorption for those compositions was not possible at room temperature. They used decrepitation conditions of 200 bar and 200°C. The hydrogen-absorption mechanism was shown to depend on the composition of the used alloy. The decrepitation reaction for the first and third alloys was mainly intergranular fracture, while the alloy with intermediate Sm content was shown to have ductile failure in addition to the intergranular absorption (Fig. 5) . All the powders were also shown to have some transgranular cracks after hydrogenation. In contrast to SmCo 5 , the hydride form of the powder remained, even after exposing the decrepitated powder to air. Those authors also showed the effects of temperature on the HD for the previous samples at a pressure range of 1-1.24 bar, using 0.5 mm particle size. As expected, they showed that the initial hydrogenation temperature decreases with the increasing content of Sm, which is also accompanied with increasing temperature range of the hydrogenation. For example, ingot A was shown to perform hydrogenation at the range of 185-288°C, while the ingot E's hydrogenation temperature range was 235-297°C.
Li et al. [49] used the powders with compositions of Sm(Co bal Fe x Cu 0.053 Zr 0.02 ) 7.84 , (x = 0.2,0.3,0.4,0.5) to study the effects of Fe on hydrogenation and dehydrogenation under low pressure of 4 bar, and at room temperature. Those authors showed, for the alloy with x = 0.2, it was not possible for the sample to absorb any significant amount of hydrogen at the applied pressure. In contrast, the powder with Fe contents of x = 0.3, 0.4 ,and 0.5 was shown to absorb about 0.15 wt% of hydrogen. They attributed the enhancement of the hydrogen absorption upon increasing the Fe content to two reasons; (1) Fe has larger atomic radius than cobalt which will result in expanding the 2:17 lattice which enhances the hydrogen diffusion. (2) Fe has lower electronegativity in comparison with cobalt and so, the electronegativity difference for Fe-H is higher than Co-H with decreasing the activation energy required for the Fe-H bond. The previous conclusion of Fe enhancing the hydrogen absorption is also confirmed by Nakamura et al. [50] as they showed that Sm 2 Fe 17 alloys absorb hydrogen gas very easily at a temperature of 250°C under an atmospheric pressure of hydrogen.
Following the previous study by Li et al. [49] , Ming et al. [51] studied the effects of Fe and annealing treatment on hydrogenation behavior of Sm(Co bal Fe x Cu 0.068-Zr 0.034 ) 7.33 , (x = 0.237, 0.251, 0.265) as-cast alloys at 3 bar, and at room temperature. Only the alloy with Fe iron contents of x = 0.251 and 0.265 were shown to absorb hydrogen. Studying the microstructure has permitted them to reach another conclusion for the improvement of the hydrogen absorption upon increasing the Fe content. Those authors showed that increasing the Fe content increases the distribution and refinement of the easily decrepitated SmCo 5 and Sm 2 Co 7 phases, which have the effect of enhancing the decrepitation affinity. To study the effect of the heat treatment on the hydrogen absorption, the three alloys were heat treated at 1190°C. After the heat treatment, all the alloys with different compositions absorbed hydrogen under the above-mentioned conditions. The amount of hydrogen absorbed in the heat-treated alloys was also shown to increase with the increasing Fe content. They studied the microstructures after the heat treatment, where it was shown that for the alloy with x = 0.237, in contrast to the other two alloys, there was replacement of some Co atoms by Fe atoms in the 2:17 phase, which was ascribed to be the reason for enabling the hydrogen absorption for the alloy with the lowest Fe content. The previous conclusion was also confirmed by the decrease in the amount of the absorbed hydrogen for the heat-treated alloys with x = 0.251 and 0.265 in comparison with the as-cast alloys without heat treatment.
HDDR of Sm 2 Co 17
The HDDR for the Sm 2 Co 17 alloys is similar to that for the SmCo 5 alloys, where the Sm 2 Co 17 dissociation reaction can be represented as Sm 2 Co 17 ? (2 ± x)H 2 -2SmH 2±x ? 17Co.
Gutfleisch et al. [22] applied reactive milling under hydrogen atmosphere to activate the HDDR reaction for the binary Sm 2 Co 17 alloy. Samples of particle size of 1 mm were milled in a vibration mill, at 12.3 Hz under a hydrogen atmosphere of 5 bar, and at temperature of 350°C for 20 h. The previously mentioned conditions were sufficient for the disproportionation of the alloy to form SmH 2?x and a-Co as shown in Fig. 6 . Similar to SmCo 5 , decreasing the recombination temperatures results in a decrease in the produced grain size and a decrease in the amount of Sm evaporation (Fig. 7) , and the produced grain size at a recombination temperature of 600°C was 20 nm. Therefore, the exchange coupling between the 1:5 and 2:17 phases which are present in the alloy's Handstein et al. [32] studied the HDDR for the Sm 2 Co 17 alloys using high hydrogen pressures of 10-40 bar and heating for the disproportionation. 100 mg of 100 lm Sm 12.7 Co 55.3 Fe 24.9 Cu 5.3 Zr 1.8 was used. Figure 8 shows the DSC curves for the alloy under 10 and 40 bar starting pressures. Two exothermic peaks have been detected related to the interstitial absorption of hydrogen and the disproportionation of the alloy to form SmH 2?x (1.9 \ x \ 2.8) and Co or Co-rich phases. Similar to SmCo 5 , there was an inverse relation between the pressure applied and the required temperature for the disproportionation. They also studied the desorption reaction (Fig. 9) . The peaks before 400°C were attributed to SmH 2?x -SmH 2 ? xH 2 reaction. The peak around 400°C was attributed to the Fe, Cu, or Zr substitution as it was not observed for binary alloys. The peak for the decomposition of SmH 2 and the recombination reactions to form the Sm-Co phases was observed at around 450-600°C.
Bulyk et al. [52] also used the high-pressure/temperature approach for the disproportionation of the Sm 2 Co 17 with a composition Sm 18.6 Co 46.1 Fe 27.1 Cu 5.9 Zr 2.3 . The dissociation reaction was studied under 40 bar. The dissociation temperature was measured to be 760°C, the recombination temperature was measured to be around 717°C by measuring the heat flow.
The Magnetic Properties for the Hydrogen-Treated Sm 2 Co 17
The presence of hydrogen in the microstructure of the powder has been shown to be a reason for the drop in the coercivity, but even so, the c axis anisotropy persists, and the powder could still be aligned. The hydrogen in the alloy's microstructure can be easily removed by heating the powder at 200°C before further processing.
In order to compare between the magnetic properties of the hydrogen decrepitated powder, Isnard et al. [53] 7 .67 -annealed sintered samples to be decrepitated under 10-200 bar; sometimes, heating to 200°C was necessary. They calculated the hydrogen uptakes for the samples to be in the range of 1.85-2.2 H atoms f.u.
-1 . Increasing the Sm content resulted in increasing the hydrogen uptake. As previously mentioned, the coercivity after decrepitation has decreased in comparison with the annealed samples, but after degassing and heat treatment, coercivity comparable to the annealed ingot was achieved again for the four alloys. Zakotnik et al. [54, 55] 7 .49 under a pressure of 10 bar, at room temperature to study the hydrogen absorption. They showed that hydrogen content of 0.23 wt% was achieved at around 10 bar, and 48 h of duration were required to reach saturation with the production of flake-like particles due to onion skin fracture. The HD powders were shown to have a lower remanence of 14% in comparison with the freshly prepared powders. They studied the effect of the degassing temperature on the magnetic properties of the powders. The sample recovered its original B r after degassing under vacuum at a temperature range of 150-300°C, with a complete restoration of the 2:17 phase, where increasing the degassing temperature had the result of decreasing the B r value.
Gutfleisch et al. [22] measured the B r for the binary Sm 2 Co 17 sample at 600°C after HDDR by reactive milling. The B r value was measured to be 0.71 T which is higher than the isotropically distributed single-domain Sm 2 Co 17 particles (saturation polarization/2 = 0.65 T). They attributed this enhanced B r value to the exchange coupling between the grains of SmCo 5 and Sm 2 Co 17 in the recombined sample. Increasing the recombination temperature above 750°C was also shown to be a reason for the coercivity drop, where the coercivity reaches its maximum value of 1.4 T. Figure 10 shows the coercivity and remanence values for disproportionated Sm 2 Co 17 recombined at different temperatures from 600°C to 1000°C.
Sintered and PB Magnets from the Decrepitated and HDDR Sm 2 Co 17 Powder
Evans et al. [44] compared between the magnetic properties of PB magnets prepared using the powders produced via the milling route and the HD route. The composition of the used alloy was Sm(Co 0.671 Cu 0.080 Fe 0.222 Zr 0.025 ) 8.92 . The decrepitation reaction was performed under a pressure of 300 bar to produce a particle size of 400 lm. Then, the decrepitated powder was slightly smeared to 100 lm and degassed to remove the hydrogen gas from the powder's microstructure. For the milling route, the alloy was milled to an average particle size of 40 lm. Even then, the HD powders have higher particle size than the milled powder, the PB magnets prepared from the HD powder were shown to have better demagnetization loop shapes, higher i H c , and improved elevated temperature stability in comparison to the ones from the milled powders. This was attributed to the intergranular fracture for the HD powder, and to the fact that the particles are single crystals with lower mechanical deformation, and so the HD particles are more coherent with less strain.
Taking the previous explanation into consideration, it is obvious that the chemical composition and the microstructure of the used alloy will affect the magnetic properties of the produced magnet as different microstructures will produce different powder morphologies. They showed that, for the bonded magnets from the alloy with composition of Sm(Co 0.674 Cu 0.096 Fe 0.216-Zr 0.014 ) 7.55 , the magnet prepared by the HD powder has lower magnetic properties in comparison with the magnet prepared by the milled powder.
Kwon et al. [56] used a combination of decrepitation and vibration ball milling for the production of sintered magnets. The Sm(Co 0.65 Fe 0.23 Cu 0.10 Zr 0.02 ) 7.1 alloy was decrepitated at 200°C, and 20 bars for 2 h which was shown to result in both intergranular and transgranular failures. The decrepitated powder was then milled under nitrogen atmosphere for 3 h. Vacuum desorption for the hydrogen gas from the powder was performed at 300°C before the sintering step. They used sintering and heattreatment conditions as follows: (1) sintering at 1190°C for 1 h under an argon gas atmosphere, (2) solution treatment at 1160°C for 1 h, (3) quenching into liquid argon, (4) isothermally aging at 820°C from 0 to 35 h, and (5) multiple step aging. The produced magnets were comparable to the Sm 2 Co 17 commercial magnets in terms of the magnetic properties (Table 1) .
Li et al. [48] used the decrepitated powder from Sm(Co 0.65 Fe 0.25 Cu 0.08 Zr 0.02 ) z after 10 h reaction at 10 bar for the production of sintered magnets. The decrepitated powder was jet milled to a particle size of 4-5 lm before the sintering step. Confirming the previously mentioned results, the produced magnet was shown to have very promising magnetic properties of B r = 1.12 T and (BH) max of 226 kJ/m 3 . Handstein et al. [32] prepared resin-bonded magnets from the HDDR powders recombined at 750°C. The Fig. 10 Dependencies of J r and l 0i H c of the reactively milled Sm 2 Co 17 on the recombination temperature. Reprinted from Gutfleisch et al. [22] with the permission of AIP Publishing produced l 0i H c was measured to be 0.6 T. This shows an improvement of the l 0i H c of the starting powders (0.2 T) after the HDDR process due to the grain refinement.
Conclusions
• HD and HDDR for SmCo 5 and Sm 2 Co 17 alloys depend on many factors such as chemical composition, the microstructure, the hydrogen pressure, the temperature, and the presence of external effect.
• Increasing the Sm content and increasing the hydrogen pressures always have the effect of increasing the amount of hydrogen absorbed by the material.
• Increasing the temperature has negative effect on the hydrogen absorption for SmCo 5 , where it was shown that heating the Sm 2 Co 17 magnets to 150-200°C enhances the absorption process.
• The mechanism of hydrogen absorption whether due to intergranular, transgranular, and/or due to ductile failure depends on the material's chemical composition and microstructure.
• SmCo 5 has more affinity for hydrogen absorption in comparison with Sm 2 Co 17 .
• The sintered magnets from the decrepitated Sm 2 Co 17 were shown to have magnetic properties comparable to the industrially produced magnets.
• HD may be used as a first step for the recycling of SmCo 5 and Sm 2 Co 17 .
• Due to the cleaner surface, the decrepitated powders are more reactive to oxidation than the milled powder.
• In contrast to SmCo 5 , Sm 2 Co 17 powder maintains the hydrogen gas after decrepitation which reduces the magnetic properties of the decrepitated Sm 2 Co 17 . Full recovery of the magnetic properties can be achieved by optimized vacuum hydrogen desorption.
• The dissociations of the SmCo 5 and Sm 2 Co 17 compounds need extreme condition of reactive milling of hydrogen atmosphere or the application of high pressures/temperatures, where it was shown that the conditions of 800°C and 9.8 bar where not enough for the complete dissociation of the easier disproportioned phase of SmCo 5 .
• Optimal controlling for the HDDR process for SmCo 5 and Sm 2 Co 17 powders led to improvement of the magnetic properties due to grain refinement and exchange coupling interaction. 
